We study the geniculate cell receives a surprisingly large number of synapses in a mouse brain slice preparation for a numretinal inputs (Ͼ20) well after eye-specific zones are ber of reasons. First, the mouse brain is compact and formed. All but one to three of these inputs are elimia large proportion of the dLGN and its optic tract connated over a 3-week period spanning eye opening.
cause the AMPAR evoked EPSC decays with a time constant of 2-3 ms at ϩ40 mV, the peak synaptic current We found that retinogeniculate EPSCs are mediated by both NMDA receptors (NMDAR) and AMPA receptors more than 10 ms after the onset of the EPSC provides a good measure of the NMDAR component. (AMPAR) ( Figure 1B ). The AMPAR component was identified based on its insensitivity to the NMDAR antagonist CPP, and its complete inhibition by either the nonPopulation Responses Reveal Developmental Changes in Synaptic Currents NMDAR antagonist NBQX (5 M, n ϭ 5), or GYKI 53655 (30 M, n ϭ 3, data not shown), the selective AMPAR We studied the properties of synaptic currents over a 3-week period spanning the time of eye opening, which antagonist that does not inhibit kainate receptors. The NMDAR component was identified by its sensitivity to typically occurs at p14 in these mice. A large stimulus pulse was used to excite many retinogeniculate fibers CPP (5-20 M, n ϭ 5), its slow time course, and its voltage dependence. and the resulting EPSCs were monitored at ϩ40 mV and Ϫ70 mV. As shown by the EPSCs obtained from 3 Both NMDAR and AMPAR components can be studied by measuring EPSCs alternately at Ϫ70 mV and ϩ40 representative experiments (Figure 2 ), there is a clear developmental trend. Before eye opening (p10-14) the mV. At Ϫ70 mV the peak inward current provides a measure of the AMPAR component of the EPSC. There NMDAR component predominates, while immediately after eye opening (p16-22) the AMPAR component inis very little contamination by NMDAR EPSCs at this curring at retinogeniculate synapses after eye opening. Yet the mechanisms responsible for the changes in synaptic properties are not known. One possibility is that they reflect the insertion of AMPAR, as has been described at hippocampal synapses during the induction of LTP (Isaac et al., 1995; Luscher et al., 1999; Malenka and Nicoll, 1999; Shi et al., 1999 ). An alternative explanation is that the NMDAR component is reduced (Ramoa and McCormick, 1994) . It is not possible, however, to distinguish between these hypotheses by examining the population response of many activated retinal ganglion cell fibers, because the number of axons stimulated is different in each experiment. One way to provide insight into the mechanisms responsible for synaptic refinement is to examine the properties of individual fibers.
As a step toward characterizing the behavior of individual retinothalamic fibers, we systematically stimulated the optic tract over a range of stimulus intensities (0-40 A). We hypothesized that more retinogeniculate fibers would be recruited as the stimulus intensity in- the NMDAR and over 150 pA for the AMPAR. The largest incremental increase evoked by elevating stimulus intensities is about 100 pA for the NMDAR and less than creases. By young adulthood (p23-31), the AMPAR 20 pA for the AMPAR. These findings suggest that this component is prominent. The average AMPAR/NMDAR geniculate neuron is innervated by many fibers, and that peak current ratio increased from 0.5 before eye opening each fiber contributes a relatively small synaptic input. to 2.4 in young adults (Table 1) . This large change in the Soon after eye opening (p17; figure 3B ), however, the AMPAR/NMDAR current ratio suggests that synaptic incremental increases in synaptic current evoked by scaling alone cannot account for refinement at this synstronger stimuli acquire a discrete, step-like character. apse (Watt et al., 2000). We also find a developmental When compared to the younger animals, there are fewer trend in the kinetics of the NMDAR current. The decay "steps" in synaptic current amplitude, and some increof the NMDAR current accelerates about 1.5-fold over ments in the current are as large as 400 pA for the a three week period (Table 1) .
NMDAR component and 500 pA for the AMPAR component. Thus, this neuron is innervated by multiple retinal Developmental Refinement in the Pattern ganglion cells, some weakly connected and others quite of Innervation powerfully connected. In young adults (p28), the trend Changes in the NMDAR/AMPAR ratio and NMDAR kinetcontinues ( Figure 3C ), and only one synaptic contact is apparent in this example. It has an NMDAR component ics indicate that significant synaptic refinement is oc- Amplitude at 40 A stimulus (pA) AMPAR# Ϫ230 Ϯ 60, n ϭ 24 Ϫ570 Ϯ 100, n ϭ 27 Ϫ1220 Ϯ 150, n ϭ 18 NMDAR 460 Ϯ 90, n ϭ 31 540 Ϯ 120, n ϭ 27 520 Ϯ 80, n ϭ 17 NMDAR decay (ms) † 150 Ϯ 13, n ϭ 24 120 Ϯ 12, n ϭ 19 90 Ϯ 8, n ϭ 11 AMPA/NMDA peak current ratio*# 0.5 Ϯ 0.1, n ϭ 30 1.3 Ϯ 0.2, n ϭ 27 2.4 Ϯ 0.4, n ϭ 21 Amplitude single fiber input (pA) AMPAR# Ϫ10 Ϯ 4, n ϭ 37 Ϫ270 Ϯ 60, n ϭ 47 Ϫ750 Ϯ 140, n ϭ 28 NMDAR# 26 Ϯ 6, n ϭ 38 160 Ϯ 40, n ϭ 45 370 Ϯ 70, n ϭ 26 Number of "silent" fibers 8/37 2/47 0/28 Paired-pulse ratio 0.73 Ϯ 0.03, n ϭ 5 0.67 Ϯ 0.06, n ϭ 3 0.62 Ϯ 0.01, n ϭ 4 AMPA mEPSC amplitude (pA) † Ϫ6.6 Ϯ 0.2, n ϭ 5 Ϫ8.6 Ϯ 1.5, n ϭ 5 Ϫ12.5 Ϯ 1.2, n ϭ 4 AMPAR decay (ms) from mEPSC 2.2 Ϯ 0.3, n ϭ 5 2.0 Ϯ 0.3, n ϭ 5 1.6 Ϯ 0.1, n ϭ 4 * calculated from each individual experiment The mean Ϯ SEM for each synaptic property are shown. Statistical analysis of the difference between the means for each property was calculated using the two sample t test, and the significant levels are indicated by the following symbols: # All differences between the groups p10-14 versus p16-22, p16-22 versus p23-31, and p10-14 versus p23-31 are significant to p Յ 0.01; † Difference between the p10-14 versus p23-31 groups is significant to p Յ 0.02. The means of all age groups for the NMDAR amplitude elicited at 40 A stimulus, as well as of the AMPA mEPSC decay were not significantly different. The difference in the means of the p10-14 versus p23-31 groups for paired pulse ratio is significant to p Յ 0.03.
tion of the size and number of retinal inputs. Fibers are recruited over a wide range of stimulus intensities, making it impractical to examine synaptic inputs with a sufficiently fine range of stimulus amplitudes. Moreover, because of trial-to-trial stochastic variation only the largest inputs would be identified and small inputs would not be detected. Thus, we used another method to estimate the number of fibers innervating a geniculate cell and to quantify the distribution of their synaptic strengths. We measured the synaptic properties of individual fibers to obtain more quantitative information on their properties ( Figure 4A1 ). After obtaining a recording from a geniculate cell, stimulus electrodes are positioned in the optic tract so that a synaptic input is activated. The stimulus intensity is then lowered until there is no synaptic response, and then incrementally increased until optic nerve stimulation results in a synaptic response. Amplitudes of the AMPAR (circles) and NMDAR (triangles) currents are plotted as a function of stimulus intensities ( Figure 4A2 ). The sharp transition from failures to a reliable synaptic current is consistent with the activation of a single retinogeniculate fiber. Moreover, further increases in the stimulus intensity over the range shown give rise to the same size synaptic current.
Detection of single fiber inputs was also possible for much smaller synaptic inputs ( Figure 4B ). For these inputs, it was helpful to use multiple trials at each stimulus intensity. Individual synaptic responses elicited by subthreshold ( Figure 4B1 ) and suprathreshold ( Figure 4B2 cell is held at a depolarized potential ( Figure 4C ). The average of 10 consecutive trials, alternating between the two holding potentials ( Figure 4C1 ) reveal the absence of over 500 pA and an AMPAR component of about 1.5 of a inward current at Ϫ70 mV. Individual traces that nA. In general, we found that increasing the stimulus contribute to these average currents ( Figure 4C2 ) show intensity over 40 A (up to 100-600 A) did not evoke a reproducible failure when testing for the AMPAR comsignificantly larger synaptic currents.
ponent of the synaptic current. This input must consist We observed the same qualitative behavior for synapof one or more release sites with postsynaptic densities tic inputs in a number of animals ranging from prior to containing only NMDAR and not AMPAR. It is "silent" at eye opening (n ϭ 9), to immediately after eye opening Ϫ70 mV because of the voltage dependence of NMDAR. (n ϭ 12), to young adults (n ϭ 9). These results demonSingle fiber responses reveal major developmental strate remodeling of the retinogeniculate connection changes in the properties of single inputs. Representaduring a three-week period spanning the time of eye tive examples of single fiber synaptic response from opening. Before eye opening, a geniculate cell receives mice of different ages are plotted on the same scale for weak synaptic contacts from many retinal ganglion cells.
comparison to illustrate this trend ( Figure 5A ). Both the In young adults, although a few weak inputs remain, the NMDAR and AMPAR components of the synaptic rebulk of synaptic drive is provided by one or two very sponse become much larger in young adults. powerful synaptic inputs.
The same trend is apparent in the summary of single fiber responses from many dLGN cells ( Figure 5B , C).
Developmental Changes in Single Fiber Inputs
Amplitude histograms of the NMDAR and AMPAR reDespite the clear qualitative developmental trend in the sponses are shown for the three age groups. In young pruning of multiple inputs revealed by varying the stimuanimals (p10-14), average single fiber inputs are less than 30 pA (Table 1) . A fraction of these single fiber lus intensity, this method is poorly suited for quantifica-inputs are silent (8/37 or 22% of total single fibers). The presence of silent synapses has been shown to be important in synaptic plasticity, especially in NMDARmediated LTP (Isaac et al., 1997; Malenka and Nicoll, 1999) (see Discussion).
Soon after eye opening (p16-22), the inputs increase in size, ranging from several hundred pA to nA currents. Only 2 of 47 fibers (4%) are silent. The increase in the size of the single fiber inputs continues in young adults (p23-31), as a larger proportion of the AMPAR currents become greater than 1 nA (Table 1) . Moreover, no "silent fibers" are observed in these older animals. Each retinogeniculate fiber, however, may contain more than one release site, thus the fraction of "silent synapses" is difficult to estimate in older animals.
Cumulative amplitude histograms of single fiber strength, which are the normalized integrals of the amplitude histograms, are a convenient way of comparing the amplitude distributions at different ages ( Figure 5C ). For example, comparison of the AMPAR component reveals that about 50% of the inputs are greater than 500 pA in adults, while in young animals, all inputs are smaller than 120 pA. Both the NMDAR and AMPAR components of the single fiber response are larger in older animals. However, the relative increase in the peak AMPAR current over the two week period is greater than that of the peak NMDAR current (about a 60-fold versus 15-fold increase in the average current amplitude of the AMPAR and NMDAR component, respectively).
With the average values we obtained from the size of the total current elicited by a strong stimulus intensity (40 A), and the amplitudes of single fiber inputs, we can estimate the number of retinal inputs that innervate a geniculate neuron. In young animals before eye opening, this calculation (e.g.: from Table 1 , Ϫ230 pA/Ϫ10 pA for AMPAR or 460 pA/26 pA for NMDAR) yields ‫02ف‬ inputs. This value represents a lower bound because the slice does not contain all of the retinal fibers, and it may not be possible to activate all of the retinal inputs that are present within the slice.
Quantal Size and Probability of Release during Development
Several mechanisms could contribute to the profound Using our detection criteria, over this developmental period, the quantal size increases from Ϫ6.6 to Ϫ12.5 pA (Table 1) . These values provide an upper bound for the synaptic response to the release of a single vesicle. This is especially true before eye opening, where silent synapses are common and quantal events are sufficiently small that many are lost in the noise. Thus our estimate of a 2-fold increase in the quantal size is a lower bound. Recruitment of new receptors can explain this increase in the AMPAR quantal size. We cannot, however, rule out an additional presynaptic contribution to changes in quantal size, such as an increase in the amount of neurotransmitter associated with a single vesicle.
Another mechanism that could contribute to the developmental increase in the strength of the retinogeniculate synapse is a change in the probability of release. We monitored the AMPAR response to pairs of pulses, which has been widely used to detect changes in the release probability. An increase in the probability of release leads to a decrease in the paired-pulse ratio (ppr), which, for two closely spaced stimuli, is the amplitude Table 1 ). The extent of paired pulse depression geniculate synapses, where the amplitude of AMPAR suggests that the probability of release is quite high at mEPSCs was found to remain constant during ON/OFF all ages tested. Although a precise estimate is difficult, based on a simple depletion model of depression (Dittsublamination in the dLGN (Hohnke and Sur, 1999). man and Regehr, 1998), the extent of ppr is consistent focused on the period when inputs from each eye are with an initial probability of 0.3 to 0.4 at all ages. These segregated into distinct regions within the dLGN. We results suggest that, although there may be a small find that immediately before eye opening each genicuincrease in the probability of release at the retinogeniculate cell receives weak inputs from at least twenty ganlate synapse, this mechanism does not contribute signifglion cells. It is surprising that a geniculate neuron reicantly to changes in synaptic strength over the p10 to ceives such a large number of inputs at this late p31 range. developmental stage, long after retinal inputs first invade the LGN and after the formation of eye specific zones, which is largely complete by P8 in mice (GodeDiscussion ment et al., 1984). Thus, at the time of eye opening, even though the inputs are in the correct region of the LGN, We find that tremendous synaptic rearrangement occurs the synapses do not display the connectivity that is at retinogeniculate synapses even after eye-specific zones are formed in the LGN. 
LGN Slice Preparation
The best studied system for synaptic reorganization dur- 
